phosphorylated on platelet activation in a PAK-dependent manner, and that PAK activity is required for the coordination of MAPK and Akt signaling upstream of platelet lamellipodia formation, aggregation, and the maintenance of platelet aggregates under shear. Together, these results support a role for PAK as a key regulator of platelet function.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

PAK Activation on Platelet Stimulation With the GPVI Agonist CRP
Previous studies have determined that the PAK is activated downstream of the Rho GTPases, Rac1 and Cdc42, in platelets on stimulation with GPVI agonists. 6, [14] [15] [16] Although the Rho GTPases, Rac1 and Cdc42, have known functions in platelet filopodia and lamellipodia formation as well as platelet aggregation, secretion, and thrombus formation, the role of PAK in platelet function has remained undetermined. 7 To examine PAK isoform expression in human platelets, whole platelet lysates were analyzed by Western blot. As seen in Figure 1A , platelets express group I PAKs, PAK1 and PAK2, as well as the group II PAK, PAK4 ( Figure 1A ). Low levels of PAK3 protein were also detectable by Western blot ( Figure 1A ). To better understand the role of PAK in actin reorganization in platelet activation mediated by GPVI, we next examined the localization of group I PAKs in platelets treated with the GPVI-specific agonist CRP. Replicate samples of quiescent and CRP-activated platelets were fixed in solution, permeabilized and stained for PAK1/2/3 and actin. As seen in Figure 1B , PAK shows a cytosolic distribution in platelets under basal conditions. On stimulation with CRP, PAK was found at the platelet periphery and in platelet filopodia ( Figure 1B) . To characterize the roles of PAK in platelet signaling downstream of stimulation with GPVI, we next examined the phosphorylation of PAK as well as the phosphorylation of PAK substrates and putative downstream signaling systems by Western blot over a time course of platelet activation by CRP. As shown in Figure 1C , treatment of platelets with CRP resulted in serine and threonine phosphorylation of a single PAK1/2/3-positive protein at residues conserved among the group I PAKs, PAK1, PAK2, and PAK3. This phosphorylated group I PAK protein also displayed immunoreactivity specific for PAK2 phosphorylated at Ser20, suggesting that PAK2 is a predominantly phosophorylated PAK species in platelets on activation with CRP, but not ruling out the activation of other group I PAK isoforms, PAK1 and PAK3. In addition to the autocatalytic phosphorylation of PAK2, the phosphorylation of the PAK substrate LIMK1 was also rapid and detectable within 30 seconds of stimulation ( Figure 1C) . In nucleated cells, PAK plays a role in the activation of MAPK pathways through the phosphorylation of MEKs. 11, 19, 20 PAK also has a role in coordinating the activation of Akt. In platelets, we found that CRP stimulation induced an activation of MEK and Akt after PAK activation ( Figure 1C ). ERK activation followed MEK activation. The PAK phosphorylation observed in platelets after CRP stimulation was found to be promoted by GPVI signaling and not secondary mediators, such as ADP, thromboxane A2, and integrin activation, because the presence of apyrase, indomethacin, and eptifibatide did not hinder PAK phosphorylation in response to CRP ( Figure 1D ). Together, these results show that the PAK system is rapidly activated after stimulation with the platelet GPVI agonist CRP, that PAK activation occurs temporally before MAPK and ERK activation, and that PAK redistributes to the platelet periphery and filopodia on activation.
Activation of Platelet PAK Effectors and Downstream Signaling Systems
Because PAK regulates actin dynamics in nucleated cell systems, 11, 21 we hypothesized that PAK would likewise regulate platelet actin reorganization on platelet activation. To investigate the function of PAK kinase activity in platelet signaling, we used 2 specific pharmacological inhibitors of PAKs. These included the inhibitor of PAK activation (IPA)-3, an allosteric inhibitor that prevents activation of group I PAKs (PAK1, 2, and 3). 22, 23 IPA-3 covalently binds to PAK1 with a K D of 1.9 μmol/L and inhibits the activation of PAK by Rho GTPases in a time-and dose-dependent manner with an in vitro IC50 of 2.5 μmol/L. 22, 23 In cellular systems, IPA-3 has been used to analyze PAK function at concentrations ranging from 5 to 25 μmol/L in studies of cell biology, 24 oncology, 25 virology, 26 and neuroscience. 27 PF-3758309, a competitive inhibitor of all PAK isoforms (PAK1-6), blocks tumor cell growth in vitro and promotes tumor regression and MAPK and Akt inhibition in vivo in mouse models of skin cancer. 28, 29 As seen in Figure 2A , treatment of platelets with 1 µg/mL CRP (in the presence of 2 U/mL apyrase and 20 µg/mL eptifibatide) readily activated PAK2, as evidenced by the autophosphorylation of PAK2 Ser20 as well as Ser192 and Thr402. PAK2 phosphorylation in response to CRP was completely inhibited after a 10-minute incubation with PF-3758309, IPA-3, or FRAX-597, 28 another pharmacologically distinct inhibitor of the group I PAKs (Figure 2A and Figure I in the online-only Data Supplement). An inactive PAK inhibitor relative compound, 3.5, 22,23 had no effect on CRP-stimulated platelet PAK2 activation ( Figure 2A ). Inhibition of PAK had no effect on the Src-mediated phosphorylation of Syk Tyr323, which occurs upstream of PAK activation ( Figure 2B ).
PAK organizes cytoskeletal dynamics through the phosphorylation of a complex set of substrates with known functions in actin regulation. 10, 11 Such factors include LIMK1, a PAK-regulated kinase that mediates actin polymerization and microtubule disassembly in nucleated cellular systems. 12 In addition to phosphorylating effectors like LIMK with specific functions in cytoskeletal organization, PAKs also support the activation of MAPK pathways and ERK signaling through the phosphorylation of MEK. 19 As shown in Figure 2 , PAK activation was found to be required for the PAK-mediated phosphorylation of platelet MEK1/2 Ser217/221 in response to CRP stimulation, because IPA-3 or PF-3758309 treatment inhibited PAK-mediated MEK phosphorylation in response to CRP. This loss of MEK phosphorylation activation was associated with the downstream blockade of MEK-mediated ERK phosphorylation in response to CRP (Figure 2A ). In addition to activating MAPK pathways through MEK phosphorylation, PAKs also have a role coordinating the membrane recruitment and activation of Akt. 30, 31 PAK activity was also required for complete activation of platelet Akt by CRP, because IPA-3 or PF-3758309 treatment blocked Akt Ser473 phosphorylation ( Figure 2A ) as well as Akt Thr308 phosphorylation, which may be controlled through the PAKmediated regulation of phosphoinositide dependent protein kinase 1. 30, 31 In nucleated cells, PAK regulates actin assembly in part through the phosphorylation of filamin A at Ser2152. 32 In platelets, filamin A has a role in regulating platelet morphology. 33 Interestingly, stimulation of platelets with CRP in solution led to no change in basal levels of filamin A Ser2152 phosphorylation, which was also unaffected by PAK inhibition (Figure 2A ). Together, these results show that in addition to activating a set of PAK-specific effectors, PAK also plays a role in regulating platelet MAPK and Akt activation in response to CRP.
PAK Activity Is Required for Platelet Secretion and Aggregation
To determine the role of PAK activation in platelet degranulation, we examined the surface exposure of P-selectin and the activation of the integrin α IIb β 3 by flow cytometry under vehicle-and PAK-inhibited conditions. As seen in Figure 2B and 2C, treatment of platelets with 1 μg/mL CRP for 5 minutes effectively resulted in P-selectin exposure and integrin α IIb β 3 activation in 46.6% and 48.3% of platelets, respectively. Treatment of platelets with the PAK inhibitor PF-3758309 reduced CRP-induced granule release and integrin activation to 8.16% and 6.32%, respectively ( Figure 2C and 2D) . Similar inhibition was seen with IPA-3 treatment ( Figure 2C and 2D) , whereas the PAK inhibitor relative compound, PAK inhibitor relative compound 3.5, did not significantly change platelet P-selectin exposure or PAC-1 binding (data not shown). Next, to examine the role of PAK activation in actin assembly in platelets, we assayed the fold-change in filamentous actin (F-actin) content elicited by CRP stimulation under basal and PAK-inhibited conditions. As seen in Figure 2E , CRP promoted a 1.74±0.20-fold increase in total platelet F-actin content. Inhibition of PAK activity with IPA-3 or PF-3758309 significantly reduced this increase in F-actin content to a 1.24±0.10-and 1.10±0.05-fold change, respectively.
Platelet secretion, integrin activation, and F-actin assembly are closely tied to the process of platelet aggregation. Next, to determine whether PAK plays a role in platelet aggregation, the effects of PAK inhibition on platelet aggregation in solution were assayed using a Born aggregometer. As shown in Figure 3 , purified human platelets readily aggregated in solution on the addition of 1 μg/mL CRP. Pretreatment of platelets with IPA-3 concentration-dependently prevented the aggregation of platelets stimulated with CRP, whereas PAK inhibitor relative compound 3.5 had no significant effects on aggregation relative to the vehicle-treated control ( Figure 3A and data not shown). PF-3758309 as well as FRAX-597 similarly inhibited platelet aggregation in response to CRP in a concentration-dependent manner ( Figure 3B and Figure I in the online-only Data Supplement).
PAK Is Required for Platelet Lamellipodia Formation
On binding to collagen, platelet activation downstream of GPVI stimulates the rapid reorganization of the actin cytoskeleton, resulting in the transformation of platelets from discoids to fully spread cells. To assay the effect of PAK inhibition on lamellipodia formation downstream of GPVI, platelets were pretreated with vehicle, PF-3758309, IPA-3, or PAK inhibitor relative compound 3.5 for 10 minutes, then exposed to an immobilized surface of collagen for 45 minutes, before lysis into sample buffer and Western blot analysis. Collagen surfaces stimulated PAK activation in platelets as determined by Western blot for the phosphorylation of PAK2 Ser192 and Ser402 ( Figure 4A) . PAK activation by these substrate surfaces was readily blocked by the PAK inhibitors, IPA-3 and PF-3758309 ( Figure 4A ). To examine the role of PAK in platelet lamellipodia formation, platelets were fixed after spreading on collagen and visualized by differential interference contrast microscopy. 34 As seen in Figure 4B and 4C, under basal conditions, platelets readily formed lamellipodia and spread out on surfaces of collagen. online-only Data Supplement). To examine the architecture of platelet actin-rich adhesion structures under PAKinhibited conditions, platelets were spread onto a surface of collagen, fixed, and stained for actin and the focal adhesion component vinculin. Conventional fluorescence microscopy and super resolution visualization by structured illumination microscopy revealed that platelets readily form actin-rich focal adhesion structures as they spread on collagen-coated substrates ( Figure 5A and 5B). Treatment of platelets with IPA-3 before exposure to a surface of collagen prevented spreading, focal adhesion formation, and the efficiency of vinculin association with the actin cytoskeleton ( Figure 5A and 5B). Similar results were observed with PF-3758309 (data not shown). Immunofluorescence microscopy experiments also confirmed that inhibition of PAK similarly blocked the formation of actin-rich lamellipodia, because platelets did not establish Arp2/3-positive lamellipodial structures while spread on collagen in PAK-inhibited conditions ( Figure 5C and 5D). Together, these results show that PAK is activated by platelet exposure to collagen and has a role in platelet lamellipodia and actin-rich adhesion structure formation.
PAK Activation Is Required for Platelet Aggregate Formation and Aggregate Stability Under Shear
The effects of PAK inhibition on platelet aggregation and lamellipodia formation (Figures 3 and 4) suggested that PAK may regulate platelet adhesion and aggregate formation under physiologically relevant conditions of shear. To examine the role of PAK in platelet aggregate formation, human blood was treated with vehicle alone or PF-3758309, which is bioavailable in whole blood, 29 for 10 minutes before flow over immobilized collagen. As seen in Figure 6A , under vehicletreated conditions, platelets bound to and formed aggregates on collagen under shear. Treatment of blood with PF-3758309 prevented the formation of platelet aggregates ( Figure 6A and 6B). In addition to platelet aggregate formation, signaling networks, such as the mTOR, 35, 36 Rho GTPase, 36, 37 and phosphatidylinositol 3-kinase/Akt 38 systems, are also required to maintain platelet aggregate stability under physiological shear conditions. To determine whether the PAK-mediated signaling is similarly required to maintain the integrity of platelet aggregates, we tested the ability of PAK inhibition to disrupt platelet aggregates formed under physiological shear flow. Platelet aggregates were formed through the perfusion of D-Phe-ProArg-Chloromethylketone-anticoagulated blood over a surface of collagen ( Figure 6C ). Next, aggregate stability was assessed during a secondary perfusion of buffer containing physiological concentrations of fibrinogen. Under basal conditions, platelet aggregates remained stable ( Figure 6C and 6D). Buffer containing fibrinogen and IPA-3, however, destabilized platelet aggregates under shear flow after 300 seconds, with further instability at 450 seconds ( Figure 6B and 6C) . Quantification of the surface area changes of the aggregates revealed a 44.6% increase in coverage after 300 seconds, extending to 60.0% after 450 seconds, in contrast to 17.4% and 17.8% for vehicle alone at 300 seconds and 450 seconds, respectively ( Figure 6D) . Similar results were observed with PF-3758309 (data not shown). 
Discussion
Here, we report that in platelets, the PAK signaling system supports signaling processes that mediate platelet spreading, aggregation, and platelet aggregate stability under conditions of physiological shear. Since their original discovery as serine/threonine protein kinases activated by GTP-bound Rac1 and Cdc42, 39 the PAKs have been extensively characterized for roles in linking small GTPase activation to actin regulation, cell motility, and cell growth. 11 The Rho GTPases, RhoA, Cdc42, and Rac1, orchestrate actin remodeling in platelets to regulate platelet activation, secretion, aggregation, and thrombus stability. 7 RhoA and Cdc42 have been shown to play roles in platelet contractility and secretion. 6, 15, 40, 41 Platelet spreading is regulated by Rac1, which is required for platelet lamellipodia formation and the stability of platelet aggregates. 36, 37 Although some of the tyrosine kinase signaling events upstream of Rac1 activation in platelet thrombotic functions have been defined, 3 it is not well understood how signals downstream of Rac1 are translated into changes in platelet actin structures. In addition to the Wiskott-Aldrich syndrome protein and formin proteins that support actin polymerization and reorganization, the PAKs are key candidates in Rac effectors in platelet function. 7 PAK2, or γ-PAK, the most abundantly and ubiquitously expressed PAK family member, 11 was originally characterized in platelets as a kinase activated on platelet stimulation and associated with a signaling complex consisting of small GTPases and GTPase activating proteins. 13 Although small GTPases have been an active subject of investigation in platelet biology for the past decade, 7 a characterization of PAK in platelets has been absent. Early studies of actin dynamics in platelets have shown that Cdc42, Rac1, and PAK are activated downstream of tyrosine kinases. 7, 16 Experiments with toxins that nonspecifically inhibit Rac and Cdc42 suggested that PAK activation occurs downstream of Rac signaling in platelets, 6 but the specific effects of inhibiting Rac on PAK activation in platelets had not yet been determined. More recent studies with Cdc42-knockout mice have provided evidence that Cdc42 is required for platelet PAK activation, filopodia formation, aggregation, and Akt activation 15 ; however, the role of Cdc42 in platelets is not straightforward. 42 In this study, we show that platelet PAK activation temporally precedes MEK, ERK, and Akt activation, and that PAK localizes to platelet filopodia on stimulation with the GPVI agonist CRP (Figure 1 ). Using 2 separate PAK-specific inhibitors, we show that inhibition of PAK activity blocks platelet secretion, integrin activation, and aggregation. PAK inhibition also prevented platelets from forming lamellipodia or establishing actin-rich adhesions on an immobilized surface of collagen, as determined by a characterization of the platelet actin cytoskeleton by superresolution structured illumination fluorescence microscopy; Figure 5) . A third pharmacologically distinct group I PAK inhibitor, FRAX-597, 28 also prevented platelet PAK phosphorylation, aggregation, and lamellipodia formation in response to GPVI stimulation ( Figure I in the online-only Data Supplement).
On activation, PAKs phosphorylate a number of effector proteins with established roles in regulating the actin cytoskeleton in processes of cell migration and cell spreading.
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Of these targets, the LIM domain kinase LIMK1 may be the best characterized PAK substrate in connecting Rho GTPases and PAK to actin regulation. 12 In nucleated cells, after phosphorylation by PAK, LIMK1 plays a role in actin polymerization through the phosphorylation of the actin-binding protein cofilin. 12 In platelets, LIMK1 phosphorylation is similarly hypothesized to regulate actin dynamics after its phosphorylation; however, the role of cofilin phosphorylation in platelet F-actin assembly is not clear. 18 Here, we show that inhibition of PAK activity blocks LIMK1 phosphorylation in response to CRP. LIMK1 is also phosphorylated by the RhoA-activated kinase ROCK on platelet activation. 18 Platelet LIMK1 regulation may, therefore, be complex, as both ROCK and PAK may cooperate to regulate LIMK1 activity and actin reorganization at platelet focal adhesions. Intriguingly, time course experiments of platelet LIMK1 activation demonstrate that platelet LIMK1 is rapidly phosphorylated in response to CRP stimulation and may occur in a phase of signaling temporally distinct from Akt and MAPK activation (Figure 1) .
In addition to LIMK1 Thr508 phosphorylation, PAK activation was also required for the complete phosphorylation of platelet MEK and the subsequent activation of ERKs. In nucleated cells, PAK plays a well-described role in MEK and ERK activation. 11 In platelets, MEK1 activation is required for platelet aggregation in response to collagen and other agonists. 43 Although the exact roles of MEK and ERK in platelet function are not yet defined, MEK and ERK are associated with the platelet cytoskeleton and have reported roles in linking the signaling events of platelet activation to the cytoskeletal dynamics that mediate platelet function. 44 In accordance with a role for platelet PAK upstream of MAPK activation, we found that platelet PAK activation temporally preceded platelet MEK activation, (Figure 1 ) and that inhibition of PAK blocked MEK and ERK activation in platelets (Figure 2 ). PAK may, therefore, regulate platelet function through both signaling and cytoskeletal processes mediated through MAPK pathways and other cellular signaling systems with more classical roles in actin assembly.
The PAK-based signaling systems that regulate platelet aggregation in solution also have roles in platelet aggregate formation under physiological conditions of shear. [45] [46] [47] Intriguingly, PAK was required not only for actin dynamics that guide activated platelets as they spread on a surface, but also for platelet aggregation under flow ( Figure 6 ). These results suggest that PAK signaling has key roles in platelet cytoskeletal processes in multiple aspects of platelet physiology. Moreover, like Rac, mammalian target of rapamycin, and phosphatidylinositol 3-kinase/Akt, [36] [37] [38] continuous PAK activity was also required to maintain the integrity of platelet aggregates formed under physiological conditions of shear ( Figure 6 ). Our results showing that PAK regulates platelet aggregation ( Figure 3 ) and aggregate stability ( Figure 6 ) together with previous studies showing a PAK-associated shedding of microvesicles on platelet activation 17 support a potential physiological role for PAK in hemostasis. Although we have shown that PAK effectors, such as LIMK1 and MEK, are phosphorylated in a PAK-dependent manner upstream of platelet aggregation, the exact roles of these proteins in the biology of platelets remain to be defined. Accordingly, the function of PAK as well as the system of PAK effectors in hemostasis, angiogenesis, and vascular stability is certain to develop into an active area of future investigation.
